The automated heart beat detection and the classification of arrhythmic beats from ECG recordings are difficult tasks. Even thoroughly annotated standard databases have a wealth of misplaced heart beats and a visual identification of all affected ECG parts is time-consuming. The study of relative RR intervals can help in this regard.
Introduction
RR intervals are the differences of successive heart beats (R-peaks) in an ECG as the result of an automated heart beat detection. Besides the computation of the heart rate, RR intervals are mainly used for the quantification of heart rate variability (HRV) [1] . The geometry and the dynamics of the return map of RR intervals (Poincaré plot) has been studied by [2] and [3] for example. Currently some conventional mobile monitoring systems (e.g. Polar sports watches) are able to save RR intervals or the heart rate as a processed information. Due to limited resources and the absence of the need, the storage of raw signals is not practiced in general, in contrast to a clinical environment. In our digitized world, it is worth to study RR intervals more thoroughly, since the technical opportunity outside of clinics can assist remote diagnosis (telemedicine), but with problems of dirty data.
Relative RR Intervals
In this context it is quite promising to analyze relative RR interval sequences. Relative RR intervals rr i are defined as a weighted difference of successive RR intervals:
with the following properties:
The first property implies that relative RR intervals are located between −200% and +200% as the result of weighting the difference by the mean. To prove this property we set RR i =c · RR i−1 , with c≥0. Then
is strictly monotonically decreasing for 0≤c≤∞. As a function of c, rr i is strictly monotonically increasing and reaches its lowest value of −2 at c=0, that means for RR i =0. The limit of rr i for c → ∞ is +2 that is reached for RR i−1 =0.
Structures in the Return Map
The return map of relative RR intervals is the scatter plot of pairs of values (rr i , rr i+1 ) for i=1, . . . , n−1. In concrete terms, we use a standardized form of the return map of absolute RR intervals, due to the weighting of the difference of successive RR intervals. The multidimensional view has proven its reliability in methods of the chaos theory (e.g. [4] or [5] ). To get practical experience, I calculated relative RR intervals from data of the "Normal Sinus Rhythm RR Interval Database" (nsr2db) [6] . The heart beats of 54 long-term ECGs from test persons with a normal sinus rhythm were automatically annotated and checked visually. Figure 1a shows a sequence of 10 successive RR intervals from the database. For each pair of consecutive RR intervals, I computed the relative change.
Computing in
The detachment from the heart rate becomes apparent when comparing the return maps of absolute and relative RR intervals. Relative changes are centered around the origin (0, 0), whereas absolute RR intervals are basically stretched along the line of identity. Figure 1b shows the bundling of pairs near the coordinate origin. 97.6% of all pairs are located between −20% and +20%. With great certainty these are pairs of normal intervals (NN intervals).
Interspaces between the coordinates arises as a result of the sampling frequency (f s =128 Hz for nsr2db). Impressive structures become visible when looking at the whole domain (see Figure 1c ). Not all theoretical possible rr intervals occur. Typical patterns correspond to specific arrhythmia types or failures in heart beat detection (see Figure 2 ).
Analytical Frame I give a short impression how these structures arise. Lets take the example of an interpolated extrasystole (case C in Figure 2 ), which is sandwiched between two normal beats. The time between normal beats is RR i . Previous and following RR intervals varies only slightly with RR i−2 ≈ · · · ≈ RR i+2 . The extrasystole occurs after some coupling time that splits RR i into the intervals RR i1 =a·RR i and RR i2 =(1−a)·RR i with 0<a<1. Using this information, we are able to compute the relative RR intervals and its relations to a:
Based upon that, we can point out some relations of successive relative intervals:
This relation is highlighted as gray functions in Figure  1c and in Figure 2 case C. It can be used to enhance ar-rhythmia classification, which has been done so far mainly with absolute RR intervals, e.g. [7] . More particularly Park et al. [8] identified wedge-shaped pattern in the return map of absolute RR intervals (equivalent to case C in Figure 2 ) to be suitable for diagnosis of atrial fibrillation.
Utilization
The use of relative RR intervals has its strength in the visualization of long-term data. However, the underlying mechanisms of successive relative intervals can be used for many kinds of applications. To point out some possible implementations with details on filtering outliers and artifacts from RR interval sequences:
Filtering artifacts To remove arrhythmia and artifacts from a sequence of RR intervals, one can use the following rules, which were derived from the analysis of structural components: [9] . Instead of weighting with the mean of successive intervals, their relative rules are based on a reference interval (mean of the five last sinus intervals).
Patient characterization A close look at the return map of relative RR intervals with its limited domain can assist cardiologists in order to characterize and classify patients. Recurring patterns in the return map (e.g. triangles of case C) are visible and refers to certain arrhythmia types.
Detection problems I checked the return maps derived from annotations of different detection algorithms. One can clarify different and common detection problems and the robustness of several algorithms against different waveforms can be compared (not published).
Reduce false alarms Further, it can be used to improve heart beat detection algorithms by applying a more sensitive method in the effected parts, e.g. to check additionally for P and T-waves in the ECG-complex. This could be done independently from an existing algorithm in a postprocessing routine. In my previous work [10] I have already used relative RR intervals to evaluate the signal quality of different biosignals and considered also relative intervals of higher grades.
HRV Measurement Through its centered version of the classical Poincaré plot, periodic orbits (caused by the vagal tone) become more visible than in standard reports. I proposed a heart rate variability measure based on relative RR intervals which is easy to understand and robust against artifacts and heart rate changes [11] .
